The titan cell is a recently described morphological form of the pathogenic fungus Cryptococcus neoformans. Occurring during the earliest stages of lung infection, titan cells are 5 to 10 times larger than the normal yeast-like cells, thereby resisting engulfment by lung phagocytes and favoring the persistence of infection. These enlarged cells exhibit an altered capsule structure, a thickened cell wall, increased ploidy, and resistance to nitrosative and oxidative stresses. We demonstrate that two G-protein-coupled receptors are important for induction of the titan cell phenotype: the Ste3a pheromone receptor (in mating type a cells) and the Gpr5 protein. Both receptors control titan cell formation through elements of the cyclic AMP (cAMP)/protein kinase A (PKA) pathway. This conserved signaling pathway, in turn, mediates its effect on titan cells through the PKA-regulated Rim101 transcription factor. Additional downstream effectors required for titan cell formation include the G 1 cyclin Pcl103, the Rho104 GTPase, and two GTPase-activating proteins, Gap1 and Cnc1560. These observations support developing models in which the PKA signaling pathway coordinately regulates many virulence-associated phenotypes in diverse human pathogens.
Cryptococcus neoformans is an opportunistic fungal pathogen most commonly observed in immunocompromised patient populations. C. neoformans spores or desiccated yeast cells are inhaled into the lungs, where they are small enough to lodge in the alveoli. In healthy patients, the cryptococcal pulmonary infection is cleared or contained in granulomas; however, in immunocompromised patients, C. neoformans is able to disseminate from the lungs to cause a systemic infection (19) . At late stages of infection, C. neoformans penetrates the bloodbrain barrier (BBB) and causes infections of the central nervous system. Due to an increase in the number of HIV ϩ individuals, C. neoformans has become the third leading cause of death in adults in sub-Saharan Africa (40) . Each year, C. neoformans is responsible for approximately 1 million infections worldwide, resulting in more than 600,000 deaths (40) .
C. neoformans has several well-studied virulence factors, including polysaccharide capsule, melanin production, and mating type (7, 19) . The cryptococcal polysaccharide capsule has been shown to modulate the host immune response (7, 19) . Capsule material can bind both antibody and complement, preventing phagocytosis by host macrophages. The production of melanin protects cryptococcal cells from oxidative stress produced by the host immune system in response to infection and phagocytosis (7, 19) . The C. neoformans mating type has also been shown to be a factor in pathogenesis. Cryptococcus has two mating types: a and ␣. Of these, mating type ␣ cells account for the majority of clinical isolates (7, 19) . In experiments where both mating types were used to coinfect mice, mating type a cells were unable to penetrate the blood-brain barrier efficiently (35, 36) . Previously, we demonstrated that dramatic differences in the rate of titan cell formation between mating types accounted for the difference in BBB penetration during coinfections (37) .
Many Cryptococcus virulence factors are regulated by the cyclic AMP (cAMP)/protein kinase A (PKA) pathway (1, 2, 16, 41) . The G␣ protein Gpa1 activates the cAMP pathway, and strains with mutations in the GPA1 gene display alterations in the surface capsule, melanin production, and virulence (1, 16) . Disruption of other positive regulators of the cAMP/PKA pathway, including Pka1 and Cac1, also results in an avirulent phenotype (1, 2, 9, 16) . The Rim101 transcription factor is downstream of Pka1 in C. neoformans (38) . Signaling through both the cAMP/PKA pathway and the pH/Rim pathway activates Rim101 under host conditions (38) . In the pathogenic fungus Candida albicans, Rim101 regulates the yeast-to-hypha switch in response to iron starvation and increased pH, which are relevant conditions for infection (14, 15) . The role of Rim101 in morphological changes in C. neoformans under host conditions was previously uncharacterized.
C. neoformans can produce enlarged "titan" cells in response to the host lung environment. Titan cells can reach diameters of 50 to 100 m, representing a 5-to 10-fold increase over the size of cells grown in vitro (37, 51) . During pulmonary infection, titan cells account for approximately 20% of the cryptococcal cell population. Characterization of titan cells has revealed that they are inefficiently engulfed by host immune cells (37) . In addition, titan cells are more resistant to the oxidative and nitrosative antimicrobial mechanisms produced by the host immune response (37) . Titan cells also exhibit alterations in the cell wall and capsule. The cell wall is thickened, and the capsule is highly cross-linked and cannot be sheared from the cell by chemical or physical means (51) . Analysis of nuclear content has shown that titan cells have increased ploidy and can be tetraploid or octoploid (37) .
Titan cell production is regulated by elements of the pheromone signaling pathway in mating type a cells. In coinfections with both mating types, mating type a cells double their production of titan cells to approximately 40%, while mating type ␣ cells remain at the basal titan cell production level of 20% (37) . Additionally, increased titan cell formation has been correlated with decreased penetration of the BBB by mating type a cells during coinfection, suggesting that pheromone signaling leading to titan cell formation affects virulence (37) . C. neoformans pheromone peptides are sensed by the G-protein-coupled receptors (GPCRs) Ste3a and Ste3␣ (12, 26, 43) . Ste3␣ interacts with the G␣ proteins Gpa2 and Gpa3 to signal via a mitogen-activated protein kinase (MAPK) signal transduction pathway to regulate mating (12, 13, 22) . Disruption of pheromone sensing in mating type a cells during coinfection by deletion of the pheromone receptor Ste3a reduced titan cell formation in mating type a cells to the basal level of 20% (37) . Thus, increased production of titan cells during mixed infections is dependent on intact Ste3a signaling.
Previous work identified and characterized titan cell formation during early pulmonary infection (37, 51) . However, the mechanism by which pheromone signaling affected titan cell production in mating type a cells but not mating type ␣ cells remained unclear. Additionally, the signaling pathway necessary for production of the basal level of titan cells during a typical infection had not been identified. Here we sought to identify receptors that sense the host environment so as to regulate titan cell production. We also identified G␣ proteins downstream of these receptors that are important for titan cell formation. Additionally, we sought to identify downstream effectors of the signaling pathway and potential transcription factors responsible for titan cell induction. We determined that the conserved cAMP/PKA signaling pathway controls the dramatic titan cell morphological change through activation of the Rim101 transcription factor.
MATERIALS AND METHODS
Ethics statement. All animals were handled in strict accordance with good animal practice as defined by the relevant national and/or local animal welfare bodies, and all animal work was approved by the Institutional Animal Care and Use Committee (IACUC) under protocols 0712A22250 and 1010A91133.
Strains and media. The Cryptococcus neoformans var. grubii strains used in this study are described in Table 1 . Strains were stored as glycerol stocks at Ϫ80°C and were grown at 30°C in yeast extract-peptone-dextrose (YPD) agar or broth medium (BD Biosciences, Sparks, MD). Double mutant strains were isolated from the progeny of matings between YSB25 and YSB105 for gpa2⌬ gpa3⌬ double mutant strains LHO7 and LHO8. Single gpa3⌬ strains LHO5 and LHO6 were isolated from the progeny of matings between YPH308 (22) and KN99a. Briefly, matings were performed on V8 agar, and basidiospores were micromanipulated as described previously (21) . Strains were isolated using YPD agar containing 200 g/ml nourseothricin (NAT) and/or 200 g/ml neomycin (NEO). Mutant strains were then screened by PCR using the primers listed in Table S1 in the supplemental material to verify gene deletions and marker insertion into the appropriate loci. gpr8⌬ and gpr9⌬ mutants were generated in the H99 strain background by overlap PCR as described previously (10) . The 5Ј and 3Ј regions of the GPR8 gene were amplified from H99 (17) . The target gene replacement cassettes of GPR8 and GPR9 were generated by overlap PCR with primers JH13288/JH13291 and JH13295/ JH13298, respectively. Purified overlap PCR products were precipitated onto 10-l gold microcarrier beads (diameter, 0.6 m; Bio-Rad), and strain H99 was biolistically transformed as described previously (11) . Stable transformants were selected on YPD medium containing G418 (200 mg/liter). To screen for mutants of GPR8 and GPR9, diagnostic PCRs were performed by analyzing the 5Ј junctions of the disrupted mutant alleles with primers JH13287/JH8994 (GPR8) and JH13294/JH8994 (GPR9) (see Table S1 in the supplemental material). Positive transformants identified by PCR screening were further confirmed by Southern blot analysis.
Gene complementation in the double mutant strains was performed by isolating progeny from matings between CDX18 and KN99␣ or CDX19 and KN99a. Briefly, matings were performed on V8 agar, and basidiospores were micromanipulated as described previously (21) . Strains were isolated using YPD agar containing 200 g/ml NAT or NEO. Single mutant strains were then screened by PCR using the primers listed in Table S1 in the supplemental material to verify gene deletions and marker insertions into the appropriate loci.
In vivo titan cell assay. C. neoformans cells were cultured overnight in YPD broth. The resulting yeast cells were pelleted and resuspended in sterile phosphate-buffered saline (PBS) at a concentration of 1 ϫ 10 8 cells/ml based on the hemocytometer count. Groups of 6-to 8-week-old female A/J mice (Jackson Laboratory, Bar Harbor, ME) were anesthetized by intraperitoneal pentobarbital injection. One mouse (preliminary experiments) or three to five mice per treatment were infected intranasally with 2 ϫ 10 7 cells in 50 l PBS (Lonza, Rockland, ME). At 3 days postinfection, mice were sacrificed by CO 2 inhalation. Lungs were lavaged with 1.5 ml sterile PBS three times using a 20-gauge needle placed in the trachea. Cells in the lavage fluid were pelleted at 16,000 ϫ g, resuspended in 3.7% formaldehyde, and incubated at room temperature for 30 min. Cells were then washed once with PBS, and Ͼ300 cells per animal were analyzed for size by microscopy (AxioImager; Carl Zeiss, Inc.). Cell body sizes were measured, and cells were classified as small cells (diameter, Ͻ10 m) or titan cells (diameter, Ͼ10 m).
Flow cytometry. KN99␣ was grown overnight in YPD medium to log phase. Cells were centrifuged at 16,000 ϫ g for 1 min, and the supernatant was discarded. Cells were washed three times in sterile PBS, resuspended in 3.7% formaldehyde in PBS, and incubated for 30 min at room temperature. Bronchoalveolar lavage (BAL) samples were washed once in 0.05% sodium dodecyl sulfate (SDS) to lyse mammalian cells and were then washed twice in sterile water. Cells in the lavage fluid were pelleted at 16,000 ϫ g, resuspended in 3.7% formaldehyde, and incubated at room temperature for 30 min. All samples were then washed once with PBS and were resuspended in PBS containing 300 ng/ml 4Ј,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Samples were incubated at room temperature for 15 min, washed with PBS, and resuspended in PBS. Cells were examined for cell size by forward scatter (FSC) and for nuclear content by DAPI using an LSRII flow cytometer with FACSDiva software (BD Biosciences). Cell populations were analyzed using FlowJo software (Tree Star, Inc., Ashland, OR) (see Fig. S2 in the supplemental material).
Yeast two-hybrid assay. The split-ubiquitin system has been designed to specifically detect the potential interactions between membrane proteins (24a). This system was utilized to investigate the interaction between several G-proteincoupled receptor proteins (Ste3a, Ste3␣, Gpr5, and Gpr4) and G␣ proteins (Gpa1, Gpa2, and Gpa3). Vectors and yeast strains were included in DUALmembrane kit 2 (Dualsystems Biotech, Zürich, Switzerland). Full-length cDNAs of STE3a, STE3␣, GPR5, and GPR4 were cloned separately into pCCW (the C-terminal half of ubiquitin [Cub] was fused to the C terminus of each protein). Full-length GPA1, GPA2, and GPA3 cDNAs were cloned into the pDL2XN vector (the mutated N-terminal half of ubiquitin [NubG protein] was fused to the C terminus of each G protein). A GPA1 dominant active allele (GPA1
Q284L
) and a dominant negative allele (GPA1
G283A
) were also cloned into pDL2XL. All cDNA sequences were confirmed by DNA sequencing. Cub and NubG fusion constructs were cotransformed into the Saccharomyces cerevisiae host strain NMY32. Interaction was determined by the growth of yeast transformants on a medium lacking histidine or adenine and also by measurement of ␤-galactosidase activity.
Coinfections. Four mice per treatment were infected as described above with 2 ϫ 10 7 Alexa Fluor 488-labeled cells of strain KN99a, strain KN99␣, or the gpr4⌬ gpr5⌬ mating type a or ␣ mutant, or with an approximately 1:1 ratio of one stained and one unstained strain. Infected mice were sacrificed at 3 days postinfection by CO 2 inhalation. Lungs were lavaged with 1.5 ml sterile PBS three times using a 20-gauge needle placed in the trachea. Cells in the lavage fluid were pelleted at 16,000 ϫ g, resuspended in 3.7% formaldehyde, and incubated at room temperature for 30 min. Cells were then washed once with PBS and were resuspended in PBS. More than 300 cells per animal were analyzed for size and fluorescence by microscopy (AxioImager; Carl Zeiss, Inc.).
RNA preparation. RNA was prepared as described previously (38) . Briefly, strains were incubated to mid-log phase, washed twice, and then incubated in Dulbecco's modified Eagle's medium (DMEM) at 37°C under 5% CO 2 for 3 h. The cells were then washed twice before centrifugation, freezing on dry ice, and lyophilization. Total RNA was extracted using the Qiagen (Valencia, CA) RNeasy Plant Mini kit.
RNA sequencing and transcript analysis. Clonal library preparation, mRNA enrichment through poly(A) capture, and Illumina sequencing on a GAII Illumina genome analyzer were performed from total RNA at the Duke Sequencing Core Facility (Duke University). Briefly, total RNA was purified using Sera-Mag oligo(dT) magnetic beads according to the manufacturer's protocol (Illumina, San Diego, CA). The mRNA was fragmented and used as a template for firststrand cDNA synthesis. Second-strand synthesis was then performed, and the resulting double-stranded cDNA was end repaired, adenylated, and ligated into the paired-end (PE) adaptors, according to the manufacturer's protocols (Illumina). Afterwards, the cDNA templates were purified, enriched, and used for sequencing on the Illumina GAII genome analyzer. The wild-type (strain H99) sample was sequenced with 72-bp paired-end reads, and the rim101⌬ sample was sequenced with 36-bp single-end reads.
All reads were then mapped to the C. neoformans reference genome provided by the Broad Institute (Cryptococcus neoformans var. grubii H99 Sequencing Project, Broad Institute of Harvard and MIT; http://www.broadinstitute.org/) using TopHat, version 1.3.0 (28, 44). The aligned reads were then analyzed for FPKM (fragments per kilobase of transcript per million mapped reads) using Cufflinks, version 1.0.3. Statistically significant differences between strains were determined by CuffDiff (45) .
Promoter analysis. The DNA sequence 1,000 bp upstream of the start codon, as defined by the Broad Institute Cryptococcus neoformans var. grubii H99 Sequencing Project, was examined for the presence of the predicted Rim101 binding site (GCCAAG) on either strand (38) .
Statistical analysis. All analyses were performed using Analyze-It (Analyze-it Ltd., Leeds, England). One-way analysis of variance (ANOVA) was used to analyze differences in titan cell production, and P values of Ͻ0.02 were considered significant.
RESULTS
G-protein-coupled receptor signaling regulates titan cell formation. Previously, we showed that signaling through Ste3a in mating type a cells stimulates titan cell production during coinfection with cells of the opposite mating type (37) . While Ste3a signaling increases titan cell production over the basal level, disruption of Ste3a does not completely abolish titan cell production. Thus, another receptor likely senses environmental cues that stimulate titan cell production. Because G-protein-coupled receptors play an integral role in environmental sensing, and Ste3a, a G-protein-coupled receptor, is known to regulate titan cell production, we hypothesized that there is at least one additional G-protein-coupled receptor responsible for titan cell regulation.
Therefore, we screened a library of G-protein-coupled receptor mutants for alterations in titan cell production by using an intranasal model of cryptococcal infection (see Fig. S1 in the supplemental material). Fungal cells were collected by bronchoalveolar lavage (BAL) at 3 days postinfection, fixed immediately, and examined by microscopy for cell size and by flow cytometry for cell ploidy (see Fig. S2 in the supplemental material). Of the G-protein-coupled receptor mutant strains, only gpr5⌬ mutants showed a decrease in titan cell formation. Pulmonary infections with the wild-type strains resulted in 20.4% titan cells in the mating type a strain and 16.1% titan cells in the mating type ␣ strain. In contrast, infections with gpr5⌬ mutants resulted in 2-fold reductions in titan cell formation in both mating types, to 8.8% titan cells in mating type a and 7.3% in mating type ␣ (P, 0.004 and 0.013, respectively) (Fig. 1A) . Interestingly, titan cells produced by the gpr5⌬ mutant strains rarely exceeded 12 m in diameter (Fig. 1B) . The gpr5⌬ mutants had no defects in capsule, melanin, urease, or growth at high temperatures in vitro (data not shown).
Previous studies showed that Gpr4 and Gpr5 share a high degree of sequence homology (49) . To further assess the relative contributions of these two GPCRs to titan cell production, we directly compared titan cell production in gpr5⌬, gpr4⌬, and gpr4⌬ gpr5⌬ mutants of both mating types. Deletion of GPR4 alone had no effect on titan cell formation. The gpr4⌬ gpr5⌬ double mutants showed significant decreases in titan cell production, with averages of 5.3% titan cells in mating type a and 4.4% in mating type ␣ (P, 0.001 and 0.011, respectively, for the comparison to the corresponding wild-type mating type) (Fig. 1A) . However, there was no statistically significant difference between the double mutant and the gpr5⌬ single mutant (P, 0.435). Complementation of either the gpr5⌬ or the gpr4⌬ gpr5⌬ mutant with Gpr5 restored titan cell production to wild-type levels (data not shown). In addition, neither the presence nor the absence of various amino acids stimulated titan cell formation in vitro (data not shown). Similarly, no difference in cell enlargement between the wild type and the gpr5⌬ mutant in response to phosphatidylcholine treatment was observed (data not shown). These data suggest that signaling through the GPCR Gpr5, and not the related protein Gpr4, controls titan cell production in both mating type a and mating type ␣ cells. None of the titan cell defects in these GPCR mutants were affected by the mating type, demonstrating that the regulation of basal titan cell production by Gpr5 is separate from the induction of titan cells by the mating pathway.
Gpa1 signaling results in titan cell production. C. neoformans has three known G␣ proteins that can interact with G-protein-coupled receptors. Gpa2 and Gpa3 regulate signaling through Ste3␣ in mating type ␣ cells by acting in opposition to each other (22). Mutation of either Gpa2 or Gpa3 alone did not cause a defect in virulence in a mating type ␣ background, but the double mutant was slightly attenuated (29) . Based on the Ste3␣ data and the role of Ste3a in titan cell induction, we hypothesized that Gpa2 and Gpa3 would interact with Ste3a to regulate titan cell production. We anticipated that deletion of Gpa2 and/or Gpa3 in mating type a cells would alter the rate of titan cell formation.
Therefore, we determined the degree of titan cell production in gpa2⌬ and gpa3⌬ mutants in each mating type. In both mating types, the gpa2⌬ mutant strains exhibited no significant alteration in titan cell production (Fig. 2) from that for the corresponding wild-type strains (P, 0.812 and 0.752). Similarly, the gpa3⌬ mutant strains in both mating types showed normal titan cell production (P, 0.379 and 0.087). The gpa2⌬ gpa3⌬ double mutant strains also showed no significant alteration in titan cell production (P, 0.708 and 0.075), demonstrating that neither Gpa2 nor Gpa3 plays a role in the regulation of titan cell production.
Since the two G␣ proteins predicted to interact with Ste3a did not affect titan cell production, we then hypothesized that the G␣ protein Gpa1 might regulate titan cell formation. Gpa1 plays an integral role in the regulation of many virulence factors, including capsule and melanin (1, 2). Because Gpa1 controls the production of these virulence factors, gpa1⌬ strains are avirulent (1, 2). As early as 24 h postinfection, the vast majority of gpa1⌬ cells are phagocytosed and killed (data not shown), preventing us from quantifying in vivo titan cell production by the deletion mutants. Instead, we used a constitutively active GPA1 mutant allele (GPA1 Q284L ) to elucidate the role of Gpa1 in titan cell formation (49) . Infections with mating type a cells expressing the dominant active GPA1 Q284L allele resulted in a significant increase in titan cell production to approximately 40%, representing a 2-fold increase in the proportion of titan cells over that in wild-type mating type a strains (P ϭ 0.012) (Fig. 2) . Interestingly, the mating type ␣ strain expressing the GPA1 Q284L mutant allele showed no difference in titan cell production from the wild-type mating type ␣ strain (P ϭ 0.172). These results are consistent with a model in which the Gpa1 protein interacts with the Gpr5 and Ste3a receptors to induce titan cell formation. Ste3a interacts with Gpa1 but not with Gpa2 or Gpa3. Our data suggest that in mating type a cells, Ste3a may interact with Gpa1, rather than with Gpa2 or Gpa3, to regulate titan cell production. Therefore, we assessed the interactions between Ste3a and the G␣ proteins using a split-ubiquitin yeast twohybrid system. In this system, membrane protein interactions release an artificial transcription factor made up of three proteins: protein A, LexA, and VP16 (24a). Upon release, the transcription factor translocates to the nucleus and activates reporter genes.
Three versions of Gpa1 were screened for possible interactions with Ste3a and Ste3␣: (i) wild-type Gpa1, (ii) Gpa1
G283A , which contains a dominant negative mutation, and (iii) Gpa1 Q284L , which renders the protein constitutively active. In addition, we examined interactions with Gpa2 and Gpa3 (49).
Our results show that Ste3a interacts with both the wild-type Gpa1 allele and the Gpa1 dominant negative allele, but no interaction was detected with the constitutively active Gpa1 allele, Gpa2, or Gpa3 (Fig. 3) . G-protein-coupled receptors normally serve as guanine nucleotide exchange factors (GEF) and bind to the inactive form of G␣ proteins to activate the G protein. Therefore, the stronger interaction between Ste3a and Gpa1 G283A than between Ste3a and the wild-type Gpa1 construct indicated that the weak interaction in this assay with the wild-type Gpa1 protein was likely valid.
As a control, we also measured the interactions between Ste3␣ and the G␣ proteins. We confirmed robust interactions between Ste3␣ and Gpa2 or Gpa3, but not Gpa1. These data are consistent with previously published results demonstrating that Ste3␣ interacts with Gpa2 and Gpa3 to control the mating pathway (22, 23) . In contrast to the findings for Ste3␣, we were unable to detect any interactions between Ste3a and either Gpa2 or Gpa3. In vitro cells were grown overnight in rich medium (YPD), fixed in 3.7% formaldehyde, and examined by microscopy. In vivo BAL samples isolated at 3 days postinfection were fixed in 3.7% formaldehyde and were examined by microscopy. Bar, 20 m.
FIG. 3. Ste3a interacts with
Gpa1 in the split-ubiquitin yeast twohybrid system. The C-terminal half of ubiquitin (Cub) was fused to the C termini of the full-length cDNAs of Ste3a (Ste3a::Cub), Ste3␣ (Ste3␣::Cub), and Gpr5 (Gpr5::Cub). The N-terminal half of ubiquitin (NubG) was fused to the C termini of full-length cDNAs of Gpa1 (Gpa1::NubG), Gpa2 (Gpa2::NubG), Gpa3 (Gpa3::NubG), Gpa1 G283A (Gpa1 G283A ::NubG), and Gpa1 Q284L (Gpa1 Q284L ::NubG). The interaction of Ste3a::Cub with the control vector pAI-Alg5 served as a positive control to ensure the correct topology of the Ste3a::Cub fusion protein; the interaction of Ste3a::Cub with the empty vector pDL2-Alg5 served as a negative control. Yeast transformants contained both a Cub fusion and a NubG fusion construct and were grown on selective medium lacking histidine or adenine after serial dilution. ␤-Galactosidase activity assays were performed to further verify interactions. Interactions between Ste3a (top) or Ste3␣ (center) and the G␣ proteins are shown on selective media, as are control interactions (bottom).
Previous studies found that the G-protein-coupled receptor Gpr4 is important for activating Gpa1 in response to methionine (49) . The same studies showed that Gpr5 shares sequence similarity with Gpr4 but does not respond to methionine. Thus, the function of Gpr5 remained unknown (49) . In the splitubiquitin assays, we detected no interactions between Gpr5 and any of the G␣ proteins (Fig. 3) . In contrast, Gpr5 and Gpr4 demonstrated a robust interaction in this system, indicating that these predicted G-protein-coupled receptors can form heterodimer or oligomer structures.
Signaling through Ste3a is sufficient for titan cell formation during coinfection. Previously, we showed that coinfection with both mating types results in increased titan cell formation in mating type a cells and that this increase is dependent on Ste3a (37). We also demonstrate here that titan cell production in both mating types is regulated by signaling through the Gpr5 receptor. Therefore, we wanted to determine whether titan cell signaling through Ste3a is dependent on simultaneous signaling via Gpr5 or whether Ste3a signaling is sufficient to produce titan cells in the presence of mating type ␣ cells.
To assess whether Ste3a titan cell signaling is dependent on Gpr5 signaling, BAL samples were obtained 3 days postinfection from mice either infected with the fluorescently labeled gpr4⌬ gpr5⌬ MATa or gpr4⌬ gpr5⌬ MAT␣ mutant only, coinfected with unlabeled KN99a and the fluorescently labeled gpr4⌬ gpr5⌬ MAT␣ mutant or with the fluorescently labeled gpr4⌬ gpr5⌬ MATa mutant and unlabeled KN99␣, infected with fluorescently labeled KN99␣ or KN99a only, or coinfected with fluorescently labeled KN99a and unlabeled KN99␣ or with unlabeled KN99a and fluorescently labeled KN99␣ (Fig. 4) . BAL samples were immediately fixed, and the proportion of titan cells with green fluorescence was compared to the total population of fluorescently marked cells by microscopy. Consistent with previous findings, infections with either individual wild-type strain, KN99a or KN99␣, produced approximately 20% titan cells. Coinfection with both mating types yielded an increase in titan cell production in mating type a cells to approximately 40%, while mating type ␣ cells were unaffected, remaining at the basal level of 20%. Infection with a gpr4⌬ gpr5⌬ double mutant strain of either mating type alone resulted in a dramatic reduction in titan cell formation ( Fig. 1  and 4) . The mating type ␣ gpr4⌬ gpr5⌬ mutant was unaffected by coinfection; titan cell production remained low, at 1.54%. Surprisingly, coinfection with the fluorescently labeled mating type a gpr4⌬ gpr5⌬ double mutant and the unlabeled wild-type mating type ␣ strain resulted in a significant increase in titan cell production by the gpr4⌬ gpr5⌬ MATa mutant, to an average of 7.79% (P Ͻ 0.001), demonstrating that the mating type a strain was still able to undergo induction of titan cell production. Thus, the Ste3a signal is sufficient for titan cell induction, independent of the signals for basal titan cell production. However, signaling though both Ste3a and Gpr5 is required for optimal titan cell production during coinfection.
Rim101 and Cdc420 regulate titan cell formation. We have shown that pheromone sensing via Ste3a is able to induce titan cell production in mating type a cells. Our data also show that Ste3a does not interact with the G␣ proteins, Gpa2 and Gpa3, that are known to regulate the MAPK mating pathway in C. neoformans. To determine what role, if any, the MAPK mating pathway plays in titan cell production, we characterized titan cell formation in strains with gene deletion mutations in the MAPK mating pathway members Ste20, Ste50, Ste7, and Ste12. Additionally, we examined the downstream transcription factors Sxi1␣, Znf2, and Mat2 (24) (25) (26) 31) . All mutant strains showed wild-type levels of titan cell production (data not shown). These data show that the MAPK mating pathway does not regulate titan cell production.
Instead, Ste3a was shown to interact with Gpa1, a member of the cAMP/PKA pathway, to regulate titan cells. Thus, we examined transcription factors downstream of PKA to determine their role in titan cell production. Rim101 is a transcription factor regulated by the PKA pathway in C. neoformans, and deletion of Rim101 affects capsule attachment (38) . Additionally, this transcription factor is responsible for the major morphological switch from yeast to hyphae during systemic infection by C. albicans (14) . Based on these observations, we tested a rim101⌬ mutant strain for its ability to produce titan cells in order to determine whether Rim101 is involved in titan cell formation.
Unlike the gpa1⌬ mutant and other activating mutants in the PKA pathway (such as pka1⌬ or cac1⌬ mutants), the rim101⌬ strain does not have a virulence defect. Therefore, rim101⌬ cells can be recovered from infected lungs and analyzed for titan cell production (Fig. 5A) . The rim101⌬ mutant strain exhibited a dramatic reduction in titan cell formation, with a rate of 0.46%, compared with approximately 17% in the wild type (Fig. 5A ) (P Ͻ 0.001). Complementation of Rim101 restored titan cell production to wild-type levels (P ϭ 0.579). These results suggest that Rim101 is a major regulator of titan cell production. Morphological changes have also been shown to be controlled by the GTPase Cdc42 in other fungi (42) . Unlike other pathogenic fungi, Cryptococcus has two paralogues for Cdc42: Cdc42 and Cdc420. In C. neoformans, Cdc42 confers thermotolerance and regulates morphogenesis during mating. Both paralogues can also regulate morphological changes in response to increased temperatures. Based on their roles in regulating morphology in response to host body temperature, we tested the effects of Cdc42 and Cdc420 deletions on titan cell production (Fig. 5B) . The cdc42⌬ mutant exhibited an average titan cell production level of 24.3%, similar to that of the wild type (P ϭ 0.101). In contrast, the cdc420⌬ mutant showed a reduction in titan cell production to 7.81%, significantly lower than wild-type levels (P ϭ 0.017). Complementation of Cdc420 restored titan cell production to wild-type levels (P ϭ 0.131). Thus, Cdc420 but not Cdc42 stimulates titan cell formation.
Additional effectors of titan cell induction. To identify additional members of the titan cell signaling pathway, we analyzed strains from a large collection of C. neoformans mutant strains that exhibited alterations in pathogenesis (32) . BAL samples were collected at 3 days postinfection, fixed, and examined by microscopy. This preliminary screen identified several strains in which titan cell formation was altered from that in the wild-type strain background (CMO18) used to create this mutant collection (Fig. 5C) . From the strains with altered titan cell formation, we chose 4 strains with mutations in genes with known functions for further analysis (Fig. 5D) . One strain exhibited a lower level of titan cell production than that of the wild type and contained a mutation in the coding sequences for the GTPase-activating protein (GAP) Gap1. Infection with the gap1⌬ mutant resulted in only 5.79% titan cell formation, significantly lower than the wild-type level of 16.9% (P Ͻ 0.0001). Three mutants demonstrated an increase in titan cell formation: those with mutations in a GAP gene, Cnc1560 (P ϭ 0.002); a rho family GTPase, Rho104 (P Ͻ 0.001); and a cell cycle regulation gene, Pcl103 (P ϭ 0.003). Each protein encoded by one of these genes is predicted to control aspects of morphogenesis in other organisms.
To determine if the expression levels of genes involved in titan cell formation are regulated by Rim101, we analyzed the promoter regions for predicted Rim101 binding sites (38) and examined their expression through RNA-Seq experiments (Table 2). CNC1560 and RHO104 both contain predicted Rim101 binding sites in their promoters, and both exhibited Rim101-dependent alterations in expression. Additionally, the CDC420 gene contains a Rim101 binding site in its promoter, while CDC42 does not. No alteration in the expression of CDC420 was observed in the rim101⌬ mutant, although titan cell production in the wild-type strain was also not observed under the RNA-Seq conditions, suggesting that Rim101 binding may not be the only signal leading to alterations in CDC420 expression. Taken together, these data suggest that titan cell formation is regulated by Rim101 and acts through multiple effectors controlling aspects of cell morphogenesis.
DISCUSSION
Titan cells play an important role in the initial pulmonary phase of C. neoformans infections. The morphological transition from yeast cell to titan cell can be induced by several conditions. We showed previously that titan cell formation in both mating types results from signals in the host lung environment (37) . Titan cell production can also be stimulated in vitro by spent media from macrophage cell lines (37) . Recent studies have shown that treatment of cryptococcal cells grown in vitro with phosphatidylcholine can stimulate cell enlargement, suggesting that phospholipids may be at least one component of the host-derived signal (8) . We also demonstrated that cryptococcal titan cell formation is enhanced in mating type a cells by activation of the Ste3a pheromone receptor in response to the opposite mating type. Here we further explore the mating type-dependent and mating type-independent signals inducing titan cells.
We have shown that the Gpr5 receptor regulates titan cell production in response to the host lung environment. Deletion of the Gpr5 receptor significantly decreased titan cell formation during infection. The gpr5⌬ mutant exhibits no defects in other known virulence factors, suggesting that signaling through this receptor specifically targets titan cell production. Interestingly, Gpr5 has high sequence homology to the methionine-sensing Gpr4 receptor (49) . Deletion of GPR4 had no effect on titan cell formation, and alterations in amino acid prevalence did not stimulate titan cell formation in vitro. Similarly, we observed no difference in cell enlargement between the wild type and the gpr5⌬ mutant in response to phosphatidylcholine treatment in vitro. Thus, the ligand for Gpr5 has not yet been defined. The observation that pheromone signaling, phospholipids, and another signal recognized by Gpr5 can independently stimulate titan cell formation suggests that additional, as yet uncharacterized receptors and signals are involved in titan cell formation under various conditions. Our prior observations revealed that infection with both C. neoformans mating types resulted in enhanced titan cell formation, suggesting that the pheromone response pathway might play a role in this process (37) . However, our recent data do not support a simple model of pheromone pathway activation leading to increased titan cells. For example, only mating type a cells undergo enhanced titan cell formation in response to the mating partner. Also, mutations in downstream components of the pheromone response pathway do not affect titan cell induction in the setting of a lung infection. Moreover, our data suggest that the pheromone receptors may interact with distinct downstream effectors in the different mating types. The (43) . Therefore, the morphological response in mating is quite distinct for the two C. neoformans mating types. Here we observed a similar divergence in the morphological response to the mating partner in titan cell formation. Mating type a cells undergo accelerated titan cell formation in vivo in the presence of mating type ␣ cells; mating type ␣ cells do not. Therefore, it is plausible that mating type-specific signaling rewiring has occurred to allow such a different cellular response between mating type ␣ and mating type a cells in a number of settings.
These data raise many questions regarding current signaling models for C. neoformans. For instance, if the primary role of Gpa1 is simply to activate cAMP/PKA signaling, why does this protein not activate titan cell formation in both mating types? How have conserved pheromone receptors adapted to interact with distinct G␣ proteins to mediate very different downstream processes-pheromone recognition for both Ste3a and Ste3␣, and titan cell induction only for Ste3a? It is clear that these signaling proteins often act in multiprotein complexes. Therefore, it is possible that downstream effectors of titan cell formation are activated only by Ste3a and Gpa1 in a complex, and not merely by accentuation of local cAMP/PKA activity. Additionally, mating type a and ␣ cells may have different levels of basal Gpa1 activity. If mating type ␣ cells are already utilizing maximal Gpa1 activity in vivo, the addition of a constitutively active form of Gpa1 will not affect the level of downstream signaling.
Our yeast two-hybrid data also showed no interactions between Gpr5 and any of the three cryptococcal G␣ proteins. As with Ste3a, the interactions between Gpr5 and the G␣ proteins may be transient and not detectable by use of our yeast twohybrid system. Alternatively, interactions between Gpr5 and the G␣ protein may require a multiprotein complex to stabilize the interaction. We were able to detect interactions between Gpr4 and Gpr5 in our system, showing that Gpr5 is capable of forming multiprotein complexes.
Gpa1 is a major regulator of the PKA pathway (1, 2, 16, 41) . The PKA pathway regulates many virulence factors in C. neoformans, including capsule and melanin (2, 16, 41) . The role of cAMP signaling in titan cell formation is strongly supported by the enhanced morphological changes induced by dominant active Gpa1. The involvement of this pathway is further supported by the striking role of the PKA-responsive transcription factor Rim101. Analysis of other cAMP pathway components is currently limited by the poor viability of these strains in vivo, the site of optimal titan cell induction. Emerging in vitro systems for titan cell formation will hopefully allow us to address the role of the cAMP pathway in this process more extensively.
Downstream of the PKA pathway is the transcription factor Rim101, which is well known to regulate morphology changes and virulence in other fungal species (4, 14, 15, 50) . For example, in C. albicans, Rim101 regulates the yeast-to-hypha switch in response to pH changes and is critical to pathogenesis (14, 15) . Our data show that Rim101 is the major regulator of titan cell production downstream of the PKA pathway. Deletion of the RIM101 gene abolishes titan cell production. The rim101⌬ mutant had a more severe defect in titan cell production than the gpr5⌬ mutant, suggesting that Gpr5 is likely only one of many signals acting through Rim101. Rim101 activity in several fungi, including Ustilago maydis, C. albicans, and C. neoformans, is regulated primarily by changes in pH (3, 6, 14, 15, 38) . At alkaline pHs, Rim101 directs the expression of genes encoding cell wall proteins, proteases, and iron acquisition proteins, in addition to mediating morphological changes in response to pH (3, 4, 14, 15, 38) . No effect of pH alone on titan cell formation in vitro has been observed (L. H. Okagaki and K. Nielsen, unpublished data), but it remains unclear whether pH regulation of Rim101 in vivo plays a role in titan cell production. Several pathways are known to regulate Rim101 activity. In C. albicans, Rim101 can be activated by a number of upstream pathways, including pH sensing by membrane proteins such as Dgf16p (6) , as well as the ESCRT pathway (4, 47, 48) . In C. neoformans, Rim101 has been shown to be regulated in a PKA-dependent manner (38) . In addition to changes in RIM101 gene expression, Rim101 activity is regulated posttranslationally (14, 15, 18, 30, 38) . Thus, it seems likely that multiple, as yet uncharacterized signals modulate the activity of Rim101 in vivo to promote titan cell production.
Rim101 has numerous direct and indirect downstream targets, and it will be important to determine which targets are the most important effectors for the formation of titan cells. We have begun an initial evaluation of potential effectors of titan cell formation by using existing mutant collections. Our first selection of mutants was biased toward those with predicted roles in morphogenesis and genome duplication, given the known phenotypic changes of titan cells from the wild type. This allowed us to test a focused group of strains in the complicated in vivo induction system. Using this method, we have identified genes whose products either enhance or suppress titan cell formation in vivo, including the cell cycle regulators Cdc420 and Pcl103 and the GTPase-activating proteins Rho104, Cnc1560, and Gap1, suggesting possible mechanisms for the cell enlargement and ploidy increases associated with titan cells. Many of these genes, as well as additional cyclins, DNA synthases, and other cell cycle-regulatory genes that have not been examined yet for their effects on titan cell production, are either directly or indirectly regulated by Rim101 (38) . Although some of the gene promoters have putative Rim101 binding sites, this level of analysis is not sufficient to truly define direct targets of this transcription factor. Moreover, it is clear from the rim101 comparative transcriptional profiling experiments, and from the effects of these putative effector proteins on titan cell formation in vivo, that merely implicating Rim101 in the control of these proteins is overly simplistic. For example, the cell cycle regulator Pcl103 exhibited a 17.7-fold decrease in gene expression in the rim101⌬ mutant from that in the wild type, suggesting that it might coregulate titan cell transitions with Rim101. However, in contrast to that of Rim101, deletion of Pcl103 dramatically increased titan cell formation.
In Saccharomyces cerevisiae, Pcl1 is a critical G 1 cyclin that is known to interact with cell polarization proteins and cell cycle regulators, including Cdc42 (33, 52) . Additionally, protein localization studies have shown that Pcl1 is important for the proper localization of the bud neck protein Bni4 (33, 52) , a critical step in the cell cycle. In C. neoformans, the Pcl1 homologue Pcl103 may play a similar role, directing cell polarization during budding. Downregulation of Pcl103 may limit budding. Reduced budding may lengthen the G 1 phase or alter the cell cycle, resulting in endoreplication and increased ploidy. Endoreplication, an altered cell cycle that lacks the M phase, in S. cerevisiae results in genome duplication without cell division and generates enlarged cells with increased ploidy (27) similar to that observed in C. neoformans titan cells.
C. neoformans contains multiple paralogues of several proteins that are critical for cell cycle regulation and the stress response (5, 46) . Cdc420 is a paralogue of Cdc42, which regulates the cell cycle by directing cell polarity (5, 42) . The duplicated CDC42 genes are unique to Cryptococcus. However, before we defined its role in titan cell formation, Cdc420 did not have a clear, unique role in C. neoformans physiology (5) . In addition to Cdc42/Cdc420, C. neoformans also has paralogues of Ras and Rac, which are members of stress response pathways involved in morphological transitions. The duplicated RAC genes are also unique to C. neoformans, suggesting that they might be needed for an altered developmental stage of the cell cycle in response to stress, such as titan cell formation.
Taken together, our studies develop the foundation for a signal transduction pathway leading to titan cell production. Titan cell production can be regulated by the Ste3a and Gpr5 receptors, yet other receptors that might sense pH, iron limitation, and phospholipids also likely play a role in transducing signals that either stimulate or repress titan cell formation. The differences in titan cell production between mating type a and ␣ cells during coinfection is likely due to rewiring of the mating pathway between the two cell types and/or utilization of the Ste3a receptor for purposes other than mating. Titan cell signaling is coregulated with other cryptococcal virulence factors via the PKA pathway, suggesting that titan cell formation is a novel virulence factor. Understanding of the basic signal transduction pathway leading to titan cell formation will facilitate further exploration of the downstream changes in gene expression that modulate titan cell formation and will allow further exploration of the role this virulence factor plays in the pathogenesis of C. neoformans.
